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Abstract 
The phase behavior of CO2-CH4-H2S-brine systems is of importance for geological storage of greenhouse gases 
(CCS) and enhanced oil recovery (EOR). In such projects, reservoir simulations play a major role in assisting 
decision makings, while modeling the phase behavior of the relevant CO2-CH4-H2S-brine system is a key part of the 
simulation. There is a need for an equation of state (EOS) for such system which is accurate, wide application range 
(pressure, temperature and aqueous salinity) computationally efficient and easy for implementation in a reservoir 
simulator.  
In this work, corresponding to the CO2-CH4-H2S-brine system, mutual solubility models are established by two 
different ways: (1) a cubic model based on the revision of the Søreide-Whitson EOS is used for fugacity calculation 
of  both aqueous and non-aqueous phases (ϕ-ϕ model); (2) Peng-Robinson model is used for the fugacity calculation 
of non-aqueous phase and Pitzer activity model is used for the aqueous phase activity calculation (ϕ-J model). Both 
model can accurately reproduce the existing experimental data to high temperature (250 oC), high temperature (1000 
bar for CO2 and CH4 solubility, and 200 bar for H2S), and high salinity (6 molal of NaCl in solutions). The ϕ-J 
model has slightly better accuracy. Computation efficiency of the two models is investigated. The ϕ-J model has 
obvious better computation efficiency, and can be a good choice for the implementation in numerical simulators.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
CO2 capture and storage (CCS) is thought to be an important way to face the global climate change. Some of the 
aquifers especially under the oil layers of depleted oil reservoirs are saturated with CH4. The depleted gas reservoirs 
with significant amount of hydrocarbons are also considered as potential CO2 sequestration formations. With global 
energy demands and the technology progress, oil reservoirs with sour gas (mainly H2S and CO2) contained become 
more and more attractive for oil recovery. The re-injection of the sour gas into the reservoir or saline aquifers is an 
important way of dealing with the sour gas for HSE (health, safety and environment) reasons. Numerical simulation 
is an important way to understand the fluid migration process underground. An accurate and computation efficient 
thermodynamic model is fundamental to numerical simulations. With regard to the importance, we need to establish 
an accurate and computation efficient model of the system CO2-CH4-H2S-brine to high temperature, high pressure, 
and high salinities. 
There are usually two approaches of modeling for phase partitioning of gas-brine systems: (1) an equation of state 
(EOS) is used for the fugacity of calculations of all the phases in equilibrium, and equations are established with 
fugacity equality of different phases; (2) an EOS is used for the fugacity calculation of the non-aqueous phase, and 
activity model is used for the calculation of aqueous activity coefficients; equations are established with chemical 
potential equality of both phases. The former can be called ϕ-ϕ model, and they are widely used to deal with gas-
brine equilibria, such as Søreide-Whitson model [1], CPA models [2], SAFT models [3]. The latter is called ϕ-J  
model, and a lot of work used this way for gas solubility modeling [4]-[7].  
In this work, we tried to model the mutual solubilities of CO2-CH4-H2S-brine system with the above two 
approaches of modeling. Model accuracies were compared with the existing experimental data. Computation 
efficiency of the two models were also investigated for the specific system, although Springer et al. [8] has already 
pointed out ϕ-ϕ models are usually more computationally intensive than ϕ-J models. The paper is presented with the 
following structure: (1) establishment of a cubic ϕ-ϕ model for CO2-CH4-H2S-brine system based on the revision of 
Søreide-Whitson model, (2) modeling of the system by ϕ-J method, (3) comparing the calculated gas solubilities in 
water or brine, and H2O solubility in non-aqueous phase by the two models with the existing experimental data to 
assess the two model accuracy, and (4)  comparison of the computation efficiency by investigating the calculation 
routines of the two models. 
2. An cubic ϕ-ϕ model for CO2-CH4-H2S-brine system 
To model the mutual solubilities of light hydrocarbons, CO2, N2, H2S, and H2O (with NaCl dissolved), Søreide 
and Whitson [1] proposed a cubic model (SW model) based on the modification of Peng-Robinson (PR) model [9]. 
The SW model made two main changes based on PR model: 
z The α-term in the constant “a” in the original PR model for the water component was updated considering 
the influence of salinity. 
                   ߙଵȀଶ ൌ ͳ ൅ ͲǤͶͷ͵Ͳሾͳ െ ௥ܶሺͳ െ ͲǤͲͳͲ͵ܿ௦௪ଵǤଵሻሿ ൅ ͲǤͲͲ͵Ͷሺ ௥ܶି ଷ െ ͳሻ                                  (1) 
z The binary interaction coefficients for the constant “a” in the mixing rule equation of the original PR model 
were determined for aqueous and non-aqueous phases respectively 
                                                  ܽே஺ ൌ σ σ ݕ௜ݕ௝൫ܽ௜ ௝ܽ൯
భ
మሺͳ െ ݇௜௝ே஺ሻ௝௜                                                            (2)      
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మሺͳ െ ݇௜௝஺ொሻ௝௜                                                             (3) 
Here, ௥ܶ is reduced temperature; ܥ௦௪ denotes the NaCl molality; ܽே஺  and  ܽ஺ொ  are "a" parameters in PR model; 
"NA" denotes non-aqueous phase and "AQ" denotes aqueous phase. ݇௜௝ே஺ and  ݇௜௝஺ொ are binary interaction parameters. 
NaCl is used as a pseudo-component to represent all the dissolved solids / salts in brine. The binary interaction 
parameters (݇௜௝ே஺ and  ݇௜௝஺ொ) are functions of temperature and salinity. 
 The SW model has good performance for gas-brine mutual solubility compared with the available data at the 
time. In the last 20 years, a lot of experiments of gas - brine solubility has been carried out to higher temperature, 
pressure and salinity. In this work, we tried to refit the aqueous phase binary interaction parameters with the 
currently available experimental data to improve the model behaviors.  
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For H2O-CO2, the binary interaction parameter is a function of temperature, pressure and NaCl molality with 10 
parameters: 
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where T is temperature (K) and P is pressure (bar); ௖ܶ
஼ைమ denotes the critical temperature of CO2; a1 to a10 are 
constant parameters that are shown in Table 1. 
For H2O-CH4 and H2O-H2S, the binary interaction parameter is a function of temperature and NaCl molality with 
6 parameters:  
݇ுమைି௜
஺ொ ൌ ܽଵ ൅ ܽଶܥ௦௪ ൅ ሺܽଷ ൅ ܽସܥ௦௪ሻ ்೎்೔ ൅ ሺܽହ ൅ ܽ଺ܥ௦௪ሻሺ
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where i denotes CH4 or H2S; ௖ܶ௜ is the critical temperature of CH4 or H2S; a1 - a6 are the constant parameters as listed 
in Table 1.  
Table 1. Regressed aqueous phase binary interaction parameters in Eq. 4 and 5 from this work. 
Parameters H2O-CO2 H2O-CH4 H2O-H2S 
a1 -5.6554E-1 -1.5500E+0 -4.2619E-1
a2 8.1650E-2 1.3828E-1 2.45089E-2
a3 5.4814E-1 1.0334E+0 6.73586E-1
a4 -1.2555E-1 -1.1873E-1 -5.30943E-2
a5 -1.0692E-1 -1.4884E-1 -2.16250E-1
a6 5.4441E-2 3.0121E-2 3.46184E-2
a7 4.9081E-3 - - 
a8 -1.3859E-3 - - 
a9 -8.4159E-4 - - 
a10 1.0764E-3 - - 
 
The binary interaction parameters of non-aqueous phase follow the original SW model in this work, which are list 
in Table 2.  
Table 2. Regressed non-aqueous phase binary interaction parameters from this work 
 ݇௜௝ே஺ 
H2O-CO2 0.1896 
H2O-CH4 0.485 
H2O-H2S 0.19031-0.05965
c
T
T
 
 
3. A ϕ-J model for CO2-CH4-H2S-brine system 
When a system approaches to the equilibrium constant state, the necessary and sufficient condition is: the 
chemical potentials of each component in different phases are equal. The chemical potential of components in each 
phase can be expressed in terms of fugacity or activity: 
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where NAiP denotes the chemical potential of species i in non-aqueous phase and AQiP  denotes the chemical potential 
of species i in aqueous phase; T is temperature in K; P is pressure in bar; R is gas constant which is 8.31446 J/K/mol; 
iy  is mole fraction of species i in non-aqueous phase; iM  is fugacity coefficient of species i in non-aqueous phase; 
solm  is the molality (in mole/Kg water, molal for short hereafter) of salt in aqueous phase; Nw is the mole number of 
1 kg water, which equals to 55.508; ix  is mole fraction of species i dissolved in aqueous phase. 
 0NA
iP  is the 
standard chemical potential of species i in non-aqueous phase, which is the ideal gas chemical potential at the 
pressure of 1 bar, and  0AQiP  is the standard chemical potential of species i in ideal aqueous solution with a 
hypothetical unit molality.  
The equilibrium constant of component i can be defined as 
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Since AQiP = NAiP  under equilibrium condition, we have: 
i i i i iy P NwK xM J                                                                            (9) 
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where E  is non-aqueous phase mole fraction. Following mass conservation law, we have 
(1 )i ix zE  ; i iy zE                                                                      (11) 
If the component number is C, we have 2C+1 unknowns (which are ix , iy  and E ), and 2C+1 equations (Eq. 10, 
and 11). The problem is uniquely soluble. The parameters iK , iM , and iJ should be determined in modeling.  
In modeling, fugacity coefficients ( iM ) can be calculated from gas equation of state. In this work, we used PR 
model for fugacity coefficient calculation. The binary interaction parameters are list in Table 3 from Li et al. [11], 
and other parameters followed the original PR model [9]. For gas (CO2, CH4, or H2S)-H2O systems, iJ  can be 
assumed to be 1, as gas solubility is very low and the solutions are influence limited by gas dissolution. Activity 
coefficient variation was only considered when salts dissolved in the solutions. So, from Eq. 9, equilibrium constant 
can be evaluated from experimental data of mutual solubilities of gas-H2O systems. In this work, H2O equilibrium 
constant was calculated from the regression of experimental H2O solubility data in CH4 rich phase, and successful 
predictions were achieved for H2O solubility in CO2 rich phase or in H2S rich phase. Equilibrium constants of CO2, 
CH4, and H2S were calculated from the regression of experimental gas solubility data in pure water. 
Table 3. Binary interaction parameters in PR model 
ijG  H2O CO2 CH4 H2S 
H2O - 0.19014 0.47893 0.105 
CO2 0.19014 - 0.1196 0.0974 
CH4 0.47893 0.1196 - 0.0803 
H2S 0.105 0.0974 0.0803 - 
 
 For the equilibrium constant of H2O, we use the following empirical equation which is a revised form from 
Spycher et al. [4]: 
2
2 3 4 6 7
1 2 3 4 5
( 1)( )( , ) ( )exp 0.1H O
P a a TK T P a a T a T a T a T
RT
 § ·     ¨ ¸© ¹                    (12) 
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where a1 - a6 are constant parameters, list in Table 4. The parameters were regressed with the experimental data of 
H2O solubility in CH4 rich phase. 
Table 4. Parameters for equilibrium constant of H2O 
 a1 a2 a3 a4 a5 a6 a7 
T > 373.15 K -9.02831E-1 3.64929E-2 4.36100E-4 -3.10936E-6 4.59205E-9 1.62997E1 2.81119E-2 
T ≤373.15 K 9.31064E0 -1.89287E-1 1.30713E-3 -3.80022E-6 4.00914E-9 2.27692E1 -1.12913E-2 
 
For gas components, CO2, CH4, and H2S, the equilibrium constants follow the form from Mao et al. [12]: 
2 2 2 2 3
1 2 3 4 5 6 7 8 9 10 11/ / /iK a a T a T a T a P T a P a PT a P T a PT a P T a P                   (13) 
where a1 - a11 are constant parameters, list in Table 5. 
Table 5. Parameters for equilibrium constants of CO2, CH4, and H2S 
 a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 
CO2 2.302E-1 -3.654E-2 -1.8367E3 2.0331E-5 -3.9072E5 -5.8269D-2 1.5062E-4 7.8087E0 -1.3013E-7 1.1145E-9   -1.3074E-10 
CH4 -1.6388E1 3.2371E-2 9.4682E3 -2.6573E-5 -1.4353E6 -1.3225E-2 3.1305E-5 2.2605E0 -2.9063E-8 3.4408E-9 -6.11809E-10 
H2S -8.2535E2 1.4660E0 2.07875E5 -9.66632E-4 -1.96174E7 8.23685E-1 -2.22238E-3 -1.01113E2 1.96421E-6 3.77938E-8 2.92076E-9 
 
As discussed above, the variation of fugacity coefficients were only considered when with salts (only NaCl 
considered in this work) in the systems. Fugacity coefficients were functions of temperature, pressure and NaCl 
molality. In this work, we used Pitzer [13] equation, 
ln 2 2i c i c a i a a c i a c
c a c a
m m m mJ O O ]     ¦ ¦ ¦¦                                       (14) 
where cm  is cation molality; am  is anion molality; i cO  , i aO  , and i a c]    are parameters, as functions of 
temperature and pressure. For NaCl dissolved in the solution, 
i Cl
O   is usually supposed to be 0. Its influences are 
included in 
i Na
O   when parameterized from experimental data. The parameters were evaluated from gas solubility 
data in NaCl solutions, listed in Table 6. 
Table 6. Pitzer parameters for activity coefficients. 
Parameters Equations 
2CO Na
O   -1 -4 1 -4 -5 8 2-3.1312239 10   5.532647 10   7.5844401 10 / -1.8950519 10  7.1628762 10 / -1.458572 10T T P P T P Tu  u  u u  u u  
4CH Na
O   -1 -4 2 -5 -5-5.7066455 10   7.2997588 10   1.5176903 10 /  3.1927112 10  -  1.642651 10 /T T P P Tu  u  u  u u  
2H S Na
O   -3 2 -4 1 21.03658689-1.1784797 10  -1.7754826 10 / - 4.5313285 10  4.775165 10 /T T P P Tu u u  u  
2CO Na Cl
]     -2 -5 -2 -2-1.14462 10   2.8274958 10   1.3980876 10 /  -  1.4349005 10 / (630- )T P T P Tu  u  u u  
4CH Na Cl
]     -3-2.9990084 10u  
2H S Na Cl
]     -2-1.0274152 10u  
4. Comparisons between the two models 
The two models were compared in terms of model accuracy and computational efficiency, which are the two most 
important aspects when they are used in numerical simulations.  
4.1. Model accuracy 
To compare the model accuracy, we collected extensive experimental data of mutual solubility with temperature 
and pressure from 0 - 250 oC, and 1 - 1000 bar. However, the experimental data of H2S-brine system are not 
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sufficient, with temperature from 293 K to 515 K, and pressure from 1 bar to 208 bar. Table 7 shows the number of 
data points (Nexp), and the average absolute deviation (AAD%) of the two models with experimental data of different 
systems. The AAD% is defined as: 
exp
exp
exp
1% cal
x x
AAD
N x
 ¦                                                                  (15) 
 where calx  denotes the calculated solubility and expx  denotes the experimental solubility. Fig. 1 shows the 
comparison between experimental mutual solubility of different systems and the calculated results from the two 
models. 
        Table 7. Comparisons of the model with experimental data. 
 xCO2 xCO2 yH2O xCH4 xCH4 yH2O xH2S xH2S yH2O 
system CO2-H2O CO2-brine CO2-H2O CH4-H2O CH4-brine CH4-H2O H2S-H2O H2S-brine H2S-H2O 
Nexp 1076 681 197 517 940 260 201 353 100 
AAD 
%  
ϕ-ϕ 5.36 4.44 11.32 8.36 18.13 6.63 8.02 10.06 5.87 
ϕ-J 3.97 4.33 8.41 7.98 17.61 6.13 5.65 11.79 11.82 
 


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Fig 1. Comparison of the calculated mutual solubility by the two models with related experimental data. (a) CO2 solubility in pure water; (b) 
CO2 solubility in NaCl solutions; (c) H2O solubility in CO2 rich phase; (d) CH4 solubility in pure water; (e) CH4 solubility in NaCl solutions; (f) 
H2O solubility in CH4 rich phase; (g) H2S solubility in pure water; (h) H2S solubility in NaCl solutions; (i) H2O solubility in H2S rich phase. The 
red diamonds are from the cubic ϕ-ϕ model; while the blue crosses are from the ϕ-J model. 
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Generally, the two models have similar AAD compared with experimental data from Table 7 and Fig. 1. For 
CO2/CH4-brine systems, the mutual solubility accuracy by the ϕ-J model is usually slightly better than the ϕ-ϕ model. 
This phenomenon may be resulted from more parameters used in the ϕ-J model. It is worth to mention that H2O 
solubility in CO2 rich phase can be accurately predicted by the ϕ-J model as only experimental data of H2O solubility 
in CH4 were used in parameterization. We can conclude with confidence that the ϕ-J model is predictive for H2O 
solubility in non-aqueous phase. From the table, both of the models have big deviation for CH4 solubility in NaCl 
solutions. There are large number of experimental data points for CH4 solubility in NaCl solutions, but part of them 
are not consistent with each other. For H2S-brine systems, the ϕ-ϕ model looks to have better behaviors for mutual 
solubility calculation especially for H2O solubility in H2S rich phase. H2S is polar molecule, and the classic PR 
model may have bigger deviation for the fugacity of H2O-H2S system. However, the experimental data of H2S-brine 
system are still insufficient, and more experimental work is needed to be more conclusive. In short, both models can 
achieve similar accuracy for mutual solubility of gas-brine systems with CO2 or CH4 or H2S. 
Qin et al. [14] reported 21 experimental data points for CO2-CH4-H2O equilibria at 376 K and 325 K, at pressure 
from 100 bar to 500 bar with different fluid compositions. We compared the calculated results by the two model 
with the experimental data (Fig. 2). From Fig. 2, we can find that the ϕ-J model (dashed lines) generally has better 
accuracy than the ϕ-ϕ model (solid lines). 
 
Fig. 2. Comparison of CO2-CH4 mixture solubility in water between Qin et al. [14] and the two model results at different temperatures, 
pressure, and fluid composition. Dots are the experimental data of Qin et al. [14]; Solid lines are results from the ϕ-ϕ model, and the dashed lines 
are results from ϕ-J the model. (a) and (b). at 325 K with two different fluid compositions. (c) and (d). at 376 K with two different fluid 
compositions. 
4.2. Computational efficiency 
Due to the different ways of modeling, the two models have different calculation routines. For the ϕ-ϕ model, as 
an EOS is used for the calculation of fugacity of components in both phases. The mutual solubility should always be 
calculated by iterations. Successive substitution iteration can usually achieve stable solutions. Wilson approximation 
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[15] can be used for initial estimations. Alternatively, we can also provide guessed gas solubility with small values 
as the initial estimation, and 
2
/satH OP P can used as the initial estimation of H2O mole fraction in the non-aqueous 
phase. We call this way as "small solubility" approximation hereafter. For the ϕ-J model, the equations are 
established by chemical potentials of the different phases. Cubic EOS is used for the non-aqueous phase, and the 
activity model is used for the aqueous phase. For binary systems (i.e. only one gas component included), as gas 
solubility in aqueous phase and H2O solubility in non-aqueous phase are usually very limited, gas fugacity or 
aqueous activity will not be influenced by the limited solubility. So, the mutual solubilities of binary systems can 
usually be calculated in one step. For gas mixture and brine systems, different from binary systems, the phase 
equilibria are not only influenced by pressure, temperature, and water salinity, but also by feed composition. 
Iterations are needed to achieve the species distribution in equilibrium. With "small solubility" approximation, 
successive substitution approach can achieve stable solutions. Ziabakhsh-Ganji and Kooi [16] calculated the K-value 
with H2O mole fraction in non-aqueous phase and gas mole fractions in aqueous phase ignored, and claimed the 
iteration process can be eliminated. But from our numerical tests with the experimental cases from Qin et al. [14], 
the results of the two approaches (with or without iterations) have big deviations.  
For computational efficiency tests, we used the two models calculating CO2-CH4-H2O system equilibria in Qin et 
al. [14] (21 experimental data points). The ϕ-ϕ model needs 8-10 iterations to convergence with Wilson 
approximation, and 5-9 iterations with "small solubility" approximation. The ϕ-J model needs 4-6 iterations. In short, 
the ϕ-J model has better computational efficiency than the ϕ-ϕ model. 
5. Conclusions 
In this work, two phase partitioning models have been established for CO2-CH4-H2S-brine systems: the ϕ-ϕ model, 
and the ϕ-J model. In the former model, a modified cubic EOS (based on Søreide-Whitson model [1]) was used to 
calculate the fugacities of both aqueous and non-aqueous phases. Binary interaction parameters were regressed based 
on the experimental data of the gas solubility in brine and the H2O solubility in non-aqueous phase. In the later 
model, Peng-Robinson EOS [9] was used for the non-aqueous phase fugacity calculation, and Pitzer model [13] was 
used for the aqueous phase activity calculation. Problem was described by chemical potential equality of two phases. 
The experimental data were used to evaluate the equilibrium constants, and activity coefficients. Numerical accuracy 
and computational efficiency were compared between the two models, that are important when such models are used 
in numerical simulations. 
z Compared with the experimental data, the models have similar accuracy, although the ϕ-J model usually 
has slightly better behavior. 
z The ϕ-J model is less time consuming as mutual solubilities can be calculated without iteration or less 
iterations; the ϕ-ϕ model always needs more iterations to get stable solutions. 
From the comparisons, we can conclude that the ϕ-J model can be a better choice for implementation in 
numerical simulators for better numerical accuracy and computational efficiency. 
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